ABSTRACT Bacteria are one of the premier biological forces that, in combination with chemical and physical forces, drive metal availability in the environment. Bacterial spores, when found in the environment, are often considered to be dormant and metabolically inactive, in a resting state waiting for favorable conditions for them to germinate. However, this is a highly oversimplified view of spores in the environment. The surface of bacterial spores represents a potential site for chemical reactions to occur. Additionally, proteins in the outer layers (spore coats or exosporium) may also have more specific catalytic activity. As a consequence, bacterial spores can play a role in geochemical processes and may indeed find uses in various biotechnological applications. The aim of this review is to introduce the role of bacteria and bacterial spores in biogeochemical cycles and their potential use as toxic metal bioremediation agents.
BIOGEOCHEMISTRY AND BACTERIAL METAL TRANSFORMATIONS
Life and elemental cycles are intertwined through biogeochemistry. Organisms not only order atoms into dynamic molecules, they also help control the composition of their natural environments along with chemical, physical, and geological processes. Elements such as C, H, O, N, P, and S make up the backbone of life on earth. These, combined with a suite of trace nutrients including metals such as Fe, Cu, and Mn, compose all the structural, mechanical, and messaging components of the cell. They are fixed from the environment and cycled through metabolic transformations. Eukaryotic and prokaryotic microorganisms are abundant and perform many geochemical cycling processes including biotransformation, mineral dissolution, and biomineralization. This review focuses on the contribution of bacteria and, more specifically, bacterial spores to metal speciation in the environment. Many of these metal transformations are required for cellular metabolism and are facilitated by metals via electron transfer in metal-protein centers.
Metal-binding proteins make up 40% of all proteins (1); 75% of these proteins utilize metals to catalyze diverse essential processes. Nutritionally essential metals (Na, Mg, Ca, V, Cr, Mo, Cu, Zn, Ni, Co, Fe, and Mn) have the propensity to bind to certain protein ligands in a rather predictable manner. The chemical theory regarding hard and soft Lewis , to lower the energy barrier to electron transfer. Such electron transfer reactions are at the center of important metabolic processes such as photosynthesis, oxidative energy generation, and respiration, which have important impacts on environmental elemental cycling.
Although many metals are essential, they can often be toxic at higher concentrations, so bacteria rely on highly regulated mechanisms for metal homeostasis. Metals enter the cell by selective import through transporters and receptors like P1B-type ATPases that are tuned to the specific import and export of Cu, Cd, Zn, Pb, Co, and/or Ag. When essential metals are not abundant in their soluble, bioavailable form, they are scavenged in the environment by small organic molecules, like siderophores in the case of Fe(III). With their high affinity for Fe(III), siderophores are able to capture the metal ion and deposit it onto cell surface receptors. Metabolically active bacteria are able to regulate their metal uptake by regenerating transporter machinery after damage and subsequently modulating the production of metalscavenging small organic molecules. Once transported in, the metal is chelated, or sequestered, by organic ligands like thiols. An intermediate protein synthesis partner, or chaperone, will then shuttle the metal to the required protein ligand set.
Once the metal quota is met, the cell will sequester superfluous metal ions so that harmful redox products, the most dangerous being reactive oxygen species generated by Fenton chemistry, and improper metal placement are minimized. Sequestering metals provides a reversible mode of metal storage to manage metals over a cell's lifetime. Reversible binding allows proteins to deliver metals as needed, while hyper-phosphate-accumulating organisms mineralize numerous hard metals with phosphate (2) . The ubiquitous iron storage protein, ferritin, is a highly dynamic and flexible protein that mineralizes iron in its hollow core to sequester it from harmful side reactions in the cell but keeps the Fe available for use in Fe-S clusters and heme-containing proteins. In the Escherichia coli periplasm Cu(I) is oxidized to Cu(II) to prevent passive transport of Cu(I) into the cytoplasm where Cu is not needed (3, 4) . In fact, metal homeostasis is so tightly regulated that there are essentially no free Cu atoms in the E. coli cytoplasm (5), so copper must be either compartmentalized, bound in proteins, or exported through an efflux mechanism (6, 7). External, semispecific metal control is provided by biosorption to the cell's surface: surface carboxylates, sulfhydryls, and phosphates are all available for nonspecific metal sequestration (8) (9) (10) (11) .
Another trick up the microbe's sleeve is the ability to detoxify metals by decreasing the bioavailability of the metal through metal precipitation reactions, effectively decreasing the availability of unwanted metals to metal binding sites of proteins. Redox active soluble metals and metalloids can be dangerous, not only because they generate radicals such as reactive oxygen species, but they also compete with metals for protein metal binding sites based on similar Lewis acid base ligand affinities. Especially problematic is when an improper metal has a higher affinity than the natural metal for the metal binding site, so binding is irreversible and the protein loses function. Metal precipitation may result from either formation of insoluble metal species (e.g., through production of a metabolite such as hydrogen sulfide or phosphate) or through a change in oxidation state of the metal (most frequently through reduction). Many different bacteria are capable of these reactions, including some bacterial spores (Table 1) . For example, various organisms like some Pseudomonas or Bacillus species are capable of reducing metals such as Cr(VI) to Cr(III) and Se(IV) and/or Se(VI) to Se(0), where the lower oxidation states of these metal(loid)s are less soluble and hence tend to precipitate (12) (13) (14) . Obviously, the ability to detoxify metals is not rare in bacteria; microbes have encountered changing and unpredictable levels of metals in their environment throughout the history of the Earth.
Remediation Through Biogeochemistry
The ability of microbes to detoxify elements has attracted the attention of those interested in removing, or remediating, toxic elements from contaminated environments. Metals may reach toxic levels in the environment through natural biogeochemical processes or from anthropogenic sources such as metal ore processing, coal burning at power plants, or preparation of nuclear fuels. Understanding biogeochemical cycling in relation to the removal of toxic metals could be the solution to saving vulnerable environments. Following is a discussion of remediation challenges and strategies to introduce bioremediation as an eco-friendly and sustainable remediation regime.
When designing remediation methods to remove contaminants like metals in groundwater to protect the health of humans and our environments, there are several important considerations: soil and water chemistry and the form of the metal (e.g., pH, metal concentration, redox conditions), soil or sediment permeability, and geological properties that affect movement of materials, microbial community composition, and cost of treatment and maintenance. Soils and water compositions and environment are highly variable, so one technique optimized for a certain site may not be compatible for other sites.
Metal remediation methods can be split up into three types of methods including chemical, physicochemical, and biological (as reviewed in reference 15). Chemical methods involve ensuring that the contaminant is in a suitable form to be contained (e.g., through in situ precipitation using chemical amendments) or removed (e.g., through facilitating mobilization and flushing using strong chelators to complex the metals). Physicochemical methods use a similar approach to adjust the chemistry but with the addition of a physical treatment process (e.g., pump and treat, filtration, electrokinetic processing). Since these topics are beyond the scope of this review, we will focus on biological methods for metal remediation.
Natural microbial and chemical processes could remediate a given site over time through a process of natural attenuation brought about by (bio)sorption and biotransformations. Natural attenuation can be hastened by stimulating the microbial communities by providing more favorable environmental conditions. For example, biostimulation can occur by enriching the soil with exogenous nutrients or aerating the water to promote growth and speed metabolism of vegetative cells. Biological remediation technologies range from this in situ approach to ex situ treatment with bacteria engineered to be optimized for metal recovery (Fig. 1) . These approaches for removing contaminants exploiting the capabilities of microorganisms are attractive for remediation because they can be less disruptive of the soil environment than chemical or physicochemical methods, and they require no toxic additives and create little or no waste. Biosorption and biochemical remediation techniques are the most recent and promising modes of efficient heavy metal containment removal or transformation to nontoxic states. What follows are a just a few examples of bacterial metal homeostasis strategies being applied to heavy metal remediation.
METAL TRANSFORMATIONS WITH VEGETATIVE CELLS Mercury
Hg and compounds that bind Hg are highly toxic even at low concentrations because Hg competes with natural metals like Cu for thiols in proteins. If redox-inactive Hg displaces a native metal in an electron-transferring protein, the functionality of the protein is destroyed. Further, Hg is often methylated so that direct sequestration is limited by its altered size and chemistry, so Hg(II) must be removed from the methyl groups by reduction or oxidation before it can be transformed into the less toxic metallic mercury [Hg(0)] state.
Hg is transformed by proteins encoded by the mer gene cluster. The mer genes are present in Gram-positive and Gram-negative bacteria and are tightly regulated and sensitive to even low concentrations of Hg. The structure of the mer gene operon varies between bacteria, but, at the core, there are merT, merP, merA, and merD. MerD is a mer operon regulator protein. MerP is a periplasmic protein with two cysteine residues that bind Hg(II) during entry and interacts with the inner membrane protein, MerT. MerT has two cysteine residue pairs and translocates Hg(II) across the inner membrane. Once in the cytoplasm, Hg can be complexed by sulfhydryl agents or reduced by mercuric reductase (MerA), a flavin-adenine dinucleotide (FAD)-dependent pyridine nucleotide-oxidoreductase requiring NADPH and sulfhydryl compounds for activity (16) (17) (18) . MerA transfers electrons from NADPH via FAD to Hg(II) through another pair of redox-active Cys to produce Hg (0) gas, removing it from the cell. Volatilized Hg(0) is released into the atmosphere, natural waters, and soils where it is oxidized.
Understanding Hg resistance in bacteria has led to some intriguing Hg remediation strategies, including the introduction of the mer genes into E. coli (19, 20) , radiation-resistant Deinococcus (21, 22) , and plants (23, 24) . One of the best developed systems for Hg remediation is a packed bed bioreactor containing a gelencapsulated bacterial biofilm of a Hg-resistant strain of genetically engineered Pseudomonas putida (25) . The Mer enzymes engineered into the bacteria in the biofilm volatilize Hg, and the Hg precipitates into droplets through fast oxidative absorption. The Hg droplets are then removed by distillation or containment of the bioreactor contents. This technique improves on prior methods, because it removes all of the Hg in the gas phase and does not require regeneration of the biocatalyst. 
Chromium
Bacterial metal resistance is also being employed for the remediation of Cr. Cr precipitation through reduction of Cr(VI) to Cr(III) effectively detoxifies it, because the insoluble form cannot easily be taken up by the cell. Cr(VI)-reducing bacteria are widespread as evidenced by their isolation from many contaminated sites including near a chromate-producing chemical factory, a nuclear production complex, and an alkaline lake (26) (27) (28) . These bacteria reduce Cr with NADH-dependent Cr reductases (29) (30) (31) in aerobic conditions and cytochromes b, c, and d in anaerobic conditions (32, 33) .
Jeyasingh and coworkers (34) demonstrated a Cr remediation strategy that employed a combination of biological and physical methods. They introduced a thick biobarrier (0.44 mg Cr reducer biomass/g sand mixture) or reactive zone (injection of 100 g wet weight Cr reducer biomass) of Cr-reducing isolates into the soil. (See in situ remediation methods for setup in Fig. 1 .) Molasses and other nutrients were injected to sustain the biomass while Cr(III) and Cr(VI) levels were monitored downstream of the biobarrier. The Cr-reducing bacteria successfully removed Cr from the bench-scale contaminant plume. These results were used to evaluate a twodimensional transport and transformation computer model for simulating bioremediation of contaminated aquifers. Their model agreed well with the transport and transformation of the Cr(VI), save for one case where they did not expect to see bacterial growth upstream of the plume because they assumed the bacteria were immobile. Clearly, engineering, chemical, and microbiological intricacies need to be considered when optimizing remediation strategies.
METAL TRANSFORMATIONS WITH SPORES
Although spores are dormant and not metabolically active, they still may serve as catalysts for certain reactions and thus have an overlooked role in geochemical processes such as metal sorption and transformation. Because of this, spores carrying out these processes may provide promising avenues in certain treatment strategies for heavy metal remediation. While microbial transformations carried out by vegetative cells may offer an environmentally friendly option for remediation technologies, these organisms are limited by their resistance to harsh conditions (including high metal concentrations), and their growth, or at least activity, must be sustained. Under extreme pH and temperature, for example, the vegetative cell population could collapse and fail to recover. Dormant spores with appropriate activities or surface properties may provide a good alternative to vegetative cells. Some microbial spores can carry out certain metal transformations that are beneficial to human and environmental health, even under harsh conditions. The spore's resilience and coat protein composition are attractive qualities for remediation with spores. The spore is heat and drought resistant, allowing it to persist in the environment long after conditions for microbial growth expire (35) (36) (37) . The outer layers of the spore, the spore coat and the exosporium, provide a highly sorptive surface for metal sequestration and subsequent removal from the environment (38) . For example, spores bind Cu(II) 2 to 4 orders of magnitude greater than that determined for fungi, bacteria, and algae (38) . Spores are dormant and resistant to environmental extremes, so most of the complications of high metal toxicity are moot, making them ideal in relatively acidic and radioactive environments. Following are examples of how spores participate in biogeochemical cycling of Mn and U processes that may serve as a cost-effective and safe alternative to remediation with vegetative cells.
Manganese
Mn is ubiquitous in the environment and abundant in the Earth's crust, comprising about 0.1% of average crustal rocks (39) . Mn cycles primarily between soluble Mn(II) and insoluble Mn(III,IV) oxides (collectively referred to as "Mn oxides") with a complex-stabilized soluble Mn(III) intermediate occurring as a transient state. Mn(II) is released from igneous and metamorphic rocks by interactions with surface water and groundwater, either through reductive dissolution of Mn(III,IV) oxides or leaching of Mn(II) from rocks.
Mn oxides have high surface area and are abundant in deposits such as nodules, microconcretions, coatings, and crusts in soil as Mn hydrous oxides and on the ocean floor in ferromanganese nodules (40). They form about 30 different types of oxide/hydroxide minerals with tunnel and layered structures that contain vacancies in which other metals can sorb, such as Ra, Pb, and Po (41 (42, 43) . These properties inspired their description as "scavengers of the sea" (44) .
Mn(III,IV) oxides are some of nature's strongest oxidants, which make them attractive for removing contaminants that are immobilized by oxidation. In fact, they are already used in drinking water treatment facilities (45) . They can oxidize both simple organic matter ASMscience.org/MicrobiolSpectrumincluding phenols and quinones (46) (47) (48) and recalcitrant organic matter, forming low-molecular-weight organic compounds (49) that could be used as microbial food. They also oxidize metals such as Se(IV) to Se(VI) (50), Cr(III) to Cr(VI) (51), and As(III) to As(V) (52) . Additionally, synthetic contaminants like Bisphenol A (53), polychlorinated biphenyls, chlorinated anilines, and atrazine are all degraded by Mn oxides (47, 54, 55) . A review by Tebo et al. (56) highlights the mechanisms by which these compounds are degraded: free-radical oxidation; nucleophilic addition of the substrate to o-quinones (57); oxidation and release of CO 2 without organic intermediates (58, 59) ; and dealkylation at Mn oxide surfaces (60) . At low pH these mechanisms are enhanced (53, 61, 62) .
Bacterial manganese(II) oxidation
Chemical Mn(II) oxidation is thermodynamically favorable but kinetically very slow at pH < ∼8.5 (63) . It is likely that the environmentally relevant mechanism of mineralization is through microbial (bacterial and fungal) activities that are several orders of magnitude faster than abiotic autocatalysis on the surface of Mn oxides (64) . Low G + C Firmicutes, high G + C Grampositives, and Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria all have Mn(II)-oxidizing members, many of whom catalyze this oxidative reaction in their vegetative form including Pseudomonas, Aurantimonas, Leptothrix, Pedomicrobium, and Erythrobacter (56) .
Biogenic oxides tend to localize to the outer layers of the cell, often with the extracellular polysaccharide matrix. Mn oxides likely template on the organic matter by direct and indirect processes (65, 66) forming predominately birnessite minerals (56) . The evolutionary purpose of Mn(II) oxidation remains a mystery. Bacteria do not require the process for survival, yet one can imagine that a Mn mineral coat may deter predation, act as UV protection, or degrade recalcitrant organic matter for nutrition for the microbe. That dormant spores from some Bacillus species can also oxidize Mn(II) to form Mn oxides, makes the role of Mn(II) oxidation even more inexplicable for these organisms.
Bacillus spores and Mn(II) oxidation
Bacteria have been linked to Mn(II) oxidation since the beginning of the 20th century, but it was not until the 1970s that a spore had been linked to this important process. Transmission electron microscopy captured the first images of a bacterial spore, Bacillus sp. SG-1, isolated from an enrichment culture of near-shore sediments from San Diego and encased in a web of Mn oxides ( Fig. 2) 13 different species in the shore sediments around San Diego, CA that grouped into three phylogenetically distinct groupings (70) . These included isolates from various environments grouping with strain SG-1, the MB-7 cluster that was similar to moderately halophilic or halotolerant species, and the PL-12 cluster. The PL-12 cluster was similar to strains isolated from a variety of sources including a Korean traditional fermented seafood; a uranium mine tailings pile near Dresden, Germany; a hydrocarbon seep; and rice paddy-associated anoxic bulk soil. Clearly Mn(II)-oxidizing activity of Bacillus spores is present in phylogenetically and environmentally diverse Bacillus species, suggesting that Mn(II)-oxidizing Bacillus spores are common and widespread in the environment.
If Mn oxides are the "scavengers of the sea" (44) and Mn(II)-oxidizing spores are widespread, then Mn(II)-oxidizing spores should impact the Mn biogeochemical cycle in the oceans. Dick and colleagues were also able to map out the diversity of 20 more isolates of Mn(II)-oxidizing Bacillus spores falling into two clusters in the water column of the Guaymas Basin, a semienclosed basin with a sediment-covered hydrothermal system (73) . Mn(II)-oxidizing activity was associated with the spores and could occur at high temperatures, as high as 70°C. Their study suggested that bacterial spores play a role in the short Mn residence time in the Guaymas Basin and that rapid and stable Mn(II)-oxidizing spores at hydrothermal sediments and plumes could be the mechanism of elemental scavenging as put forth by Cowen (74) (75) (76) .
Metals like Cr(III), Co(II), and U(IV) are oxidized in the presence of Mn(II)-oxidizing spores. An exciting prospect was the possibility that the spores were directly oxidizing these metals, but alas these metals were not oxidized by stringently washed Bacillus sp. SG-1 spores without added Mn (77) and do not compete for sites within the same enzyme as Mn(II) (77, 78) . Cr(III), Co(II), and U(IV) have been shown to be oxidized abiotically by synthetic Mn oxides, δ-MnO 2 (77, 79, 80) , leading to the speculation that the Mn oxides are the oxidant. Indeed, newly formed biogenic MnO 2 oxidizes these metals faster than synthetic oxides: seven times faster for Cr(III) (78), two to five times faster for Co(II) (77) , and almost two times faster for U(IV) (81) . The higher reactivity of the biogenic nanoparticulate MnO 2 oxides can be attributed to their mixed valence Mn(II, III, IV) (82) and vacancies within the structure (56) . Clearly, determining the mechanism of generating reactive biogenic MnO 2 oxides is linked with understanding the cycling of other metals.
mnx genes and Mn(II) oxidation
Developing a system in Bacillus sp. SG-1 to alter its genomic DNA was not trivial. van Waasbergen and coworkers attempted many transformation techniques with several plasmids (83) 
Further evidence that the mnx gene products are linked to spore Mn(II) oxidation activity followed in the next decade. The mnxD-lac gene reporter activity assay localized gene expression to around stage III of sporulation, peaking between stages IV and V, suggesting regulation of mnx genes by late sporulation sigma factor K (84). The Cu binding regions in the mnxG gene were used to design degenerate primers to amplify a region of DNA to be used in phylogenetic analysis of environmental isolates, because the rest of the gene was too divergent from one isolate to the next (70) . mnxG genes clustered with their respective 16S rRNA genes, indicating little horizontal gene transfer of mnxG. Further, detection of mnxG correlated to Mn(II)-oxidizing activity in the endospore and, because the exosporium retains Mn(II)-oxidizing activity after being removed by high pressure with the French press, the activity was localized to this layer (70) .
Direct evidence of Mnx proteins catalyzing Mn(II) oxidation came after isolating activity from the exosporium to a single protein band in nondenaturing sodium dodecyl sulfide-polyacrylamide gel electrophoresis (SDS-PAGE) and analyzing the peptides by tandem mass spectrometry. Only peptides matching MnxF and MnxG amino acid sequences were identified from the exosporium preparation of Bacillus sp. MB-7, whose mnxD, mnxE, mnx F, and mnxG genes are well conserved among the sequenced Mn(II)-oxidizing Bacillus species. The Mn(II) oxidation reaction was inactivated by multicopper oxidase inhibitors, azide and cyanide, further implicating a Cu protein in catalysis (85) . Thus, it appeared that multicopper oxidase, MnxG, was the Mn(II) oxidase.
There is precedence for multicopper oxidases to be localized to the outer layer of the Bacillus spore. Bacillus subtilis coat protein, CotA, is a well-studied multicopper oxidase located in the thick, striated outer coat capable of generating a brown pigment (not Mn oxides) around the spore which it uses for UV protection (86) . CotA is a 67-kDa three-domain protein encoded by a single gene and is most similar to E. coli's Cu(I)-oxidizing CueO multicopper oxidase. It is also heat resistant and even fully active at 80°C (87) . It has a flexible, lid-like region near the substrate binding region that can play a role in binding larger substrates than the metal-oxidizing multicopper oxidases.
Multicopper oxidases contain at least four Cu atoms that facilitate the single-electron oxidation of a reduced metal or phenolic compound with the reduction of O 2 to H 2 O. The four Cu sites are made up of one type 1 center consisting of two S ligands from Cys and Met, and two imidazole ligands from His, one type 2 center consisting of two imidazole ligands, and two type 3 centers consisting of three imidazole ligands each. The type 1 Cu center's Cu-S (Cys) charge transfer gives the protein its characteristic blue color. It also contains enough redox potential to rip a single electron off the substrate and send it down a proton bonding network through the protein approximately 10 Å to the trinuclear center where the remaining Cu centers lie and are ready to transfer the electron to O 2 creating H 2 O (88).
To investigate how MnxG could oxidize Mn(II) to Mn(IV) minerals via a multicopper mechanism, the protein needed to be isolated to high purity and quantity. Attempts were made at expressing mnxF and mnxG in E. coli but none resulted in soluble, active protein.
Eventually, all of the highly conserved Bacillus mnx genes (mnxDEFG) were amplified together as a single fragment, cloned, and coexpressed in an E. coli protein expression strain to successfully produce a Mn(II)-oxidizing protein (89) . After purification, the resulting indigo blue protein, with an absorbance maximum of 580 nm, was analyzed by mass spectrometry to conclude that not only was MnxG present, but also were MnxE and MnxF. This complex, now named Mnx, was approximately 230 kDa in mass and contained between 6 and 10 Cu per mol of protein depending on the purification and dialysis conditions (90) . This was the first observation of a multisubunit multicopper oxidase.
Suddenly, the proteins of unknown function, MnxE and MnxF, became much more interesting to the story of Mn oxidation in Bacillus and their isolation soon followed. The same strategy of coexpressing mnxEF in E. coli was employed and the metal binding properties of the protein were determined. MnxEF forms a hexamer that binds type 2 Cu and low-spin heme upon loading with excess heme (91) . This heme/Cu binding is notable because only cytochrome c oxidase is known to bind type 2 Cu and heme. These results are intriguing because they hint at a possible role for the MnxEF subunits in metal-ligand-mediated redox and Mn oxidation in the Mnx protein complex.
Since multicopper oxidases catalyze single-electron transfers, the role of MnxG in the two-electron oxidation of Mn(II) to Mn(IV) oxides is an alluring conundrum. Several studies have theorized thermodynamically feasible Mn(II) oxidation mechanisms (92) (93) (94) . In order for Mn(II) to convert directly to Mn(IV) via a single twoelectron step, a multinuclear complex is necessary to bridge O 2 , resulting in H 2 O 2 , which is thermodynamically favorable but kinetically inhibited by the difficulty of forcing electrons into H 2 O 2 π* orbital (93) . It is also difficult to imagine a multinuclear complex within a multicopper oxidase. Thus the two single step oxidation mechanism is more probable (94) . This scheme fits with the single electron transfer mechanism of multicopper oxidases, but how MnxG doubles this reaction to oxidize Mn(II) to Mn(IV) is a mystery. Soldatova and coauthors put forward a mechanistic model to rationalize these results within the thermodynamic limitations (Fig. 3) To test the model, Mnx was loaded with Mn(II) and oxidation was allowed to proceed at room temperature. Aqueous Mn(II), mononuclear Mn(II) binding to a nitrogenous ligand, and a binuclear Mn(II) binding were observed through continuous-wave electron paramagnetic resonance and electron spin-echo envelope modulation spectroscopy (100). The first two species agree with the above model, but the binuclear center was more reduced than predicted. Instead of three separate Mn binding sites, there could just be two: a mononuclear and a binuclear Mn(II). Perhaps the oxidation at the binuclear site was too fast to be observed by the methods above, and rapid freeze-quench experiments will have to be performed to capture Mn(III) and Mn(IV).
Mn(II) oxidation mechanism and implications of Mn(III) intermediate
As an intermediate of oxidation of Mn(II) to Mn(IV), Mn(III) is a powerful oxidant and its lability in this reaction could have interesting environmental implications. In the absence of chelator, Mn(III) is rapidly disproportionated to Mn(II) and Mn(IV) oxides. In the environment, however, there are other Mn(III) chelators available, like oxalate, citrate, pyrophosphate, or even organic matter. It is possible that Mn(III) could be hijacked by a natural chelator for other purposes like competing with Fe(III) for complexation with siderophores (101), degrading lignin (102-105), or oxidizing sulfur and nitrogen compounds (106) (107) (108) (109) . Thus, Mn(II) oxidation by "dormant" spores can impact Earth's biogeochemistry by having a catalytic effect on a variety of other major elemental cycles.
URANIUM AND URANIUM REDUCTION
While U is an element that is not too abundant, it contaminates certain environments by various mechanisms (110) . For example, the U contamination at the Department of Energy (DOE) site at Rifle, CO is primarily due to the mill tailings from a U ore-processing facility on site leaching into the subsurface (111). Contamination at the DOE site at Oak Ridge, TN and Hanford, near Richland, WA is attributed to U-containing nuclear munitions waste entering the environment through leaking underground storage tanks (112, 113) . In addition to U mining and weapons manufacturing, it can also be released from combustion of coal and fertilizers (114). Because U can cause liver, kidney, brain, and heart problems (115), strategies to remediate U-contaminated sites have been sought. U is generally found in two oxidation states in the environment, U(IV) and U(VI), with U(VI) being more mobile and more toxic than U(IV). Therefore, in U-contaminated sites, immobilization of U via reduction of U(VI) to U(IV) is an intriguing strategy for remediation. For a while, reduction of U in the environment was considered primarily an abiotic reaction where a strong reductant was attributed to carry out the process (116) . However, studies in the early 1990s started showing the capability of dissimilatory metal-reducing bacteria and sulfate-reducing bacteria to enzymatically reduce U(VI) to U(IV) (117) (118) (119) (120) (121) (122) (123) . Indeed, microbial community analyses indicated the stimulation of dissimilatory metalreducing bacteria and sulfate-reducing bacteria during bioreduction of U in the subsurface via injection of electron donors such as acetate or ethanol (111, (124) (125) (126) .
Most of the pure culture studies on U reduction have been focused on vegetative cells, but as we have seen from Bacillus spores, biogeochemical cycles are not exclusive to active bacteria. While vegetative cells require costly nutrients, bioremediation with the following U-reducing spores could be an attractive strategy to explore.
Clostridium acetobutylicum
Clostridia are Gram-positive anaerobes that form endospores like Bacillus sp. in response to stressful environmental conditions (127) . Previous studies on the vegetative cells have shown that Clostridium species can be used for bioremediation of various contaminants in the environment; these contaminants include 2,4,6-trinitrotoluene (TNT) (128-130) radionuclides such as U and Tc (131, 132) , pesticides (133) , herbicides (134) , and insecticides (135) . Microbial community analyses on environmental samples stimulated for U reduction have also reported observation of Clostridium spp. suggesting Clostridium spp. may have great environmental relevance regarding bioremediation of U (125, 136, 137) . Vegetative Clostridium spp. have been shown to be capable of U reduction at low pH (131, 132) . To augment metal reduction Clostridium spp. spores have been used as an inoculum to maintain the activity of the vegetative cells after various storage methods (130) . Thus, in this case, the spores are being used as an agent to ultimately deliver active vegetative cells.
Recently, a study has reported that spores of C. acetobutylicum DSM 792 can carry out reduction of U (138).
This study reported that spores of C. acetobutylicum were able to reduce U in spent growth media but not in fresh growth media, suggesting a role for a C. acetobutylicum-derived compound(s) in reducing U. The study suggested that some form of (genus specific) compound present in the spent medium serves as an electron shuttle between H 2 and U(VI). As in the case of MnO 2 forming spores of Bacillus species, the product of U reduction was primarily found to be associated with the exosporium. Based on these findings, it was hypothesized that either (i) a hydrogenase on the exosporium oxidizes H 2 and then the consequent electrons reduce the compound which subsequently reduces U(VI) or (ii) the hydrogenase forms electrons that are shuttled by the compound to a reductase also on the exosporium to catalyze U reduction (Fig. 4) . Using X-ray absorption near edge structure (XANES), Vecchia et al. (138) verified that the product of U reduction was U(IV) instead of U removal being due to U(VI) precipitation or adsorption.
Compared with what is known about Mn(II) oxidation by spores of Bacillus sp. SG-1, little is known about the mechanism of U(VI) reduction by spores of C. acetobutylicum. The recent discovery of U reduction by C. acetobutylicum spores opens up questions as to the roles of a hydrogenase and/or reductase in the outer spore layers and thus further biochemical work is needed to verify the mechanism(s). Within the species C. acetobutylicum, only strains ATCC 824 (139), EA 2018 (140) , and DSM 1731 (141) have their genomes sequenced, which does not include C. acetobutylicum DSM 792. Among these strains, vegetative cells of C. acetobutylicum ATCC 824 (131) have shown the ability to reduce U(VI), while both vegetative cells and spores of C. acetobutylicum DSM 792 have been shown to reduce U(VI). For both of these strains genetic systems have been developed (142) (143) (144) (145) that should facilitate identification of the genes involved in U(VI) reduction.
Desulfotomaculum reducens
Similar to C. acetobutylicum, Desulfotomaculum reducens belongs to the Clostridiales family of the Firmicutes (138) . Although both are part of Clostridiales, D. reducens can utilize metal reduction and sulfate reduction for growth (123, 146) . Species of Desulfotomaculum have been shown to play important roles in bioremediation by not only primarily reducing oxidized metals and/or metalloids, but also by forming sulfides that can precipitate metals. For example, D. reducens reduces Cr(VI) and U(VI) (123) , D. auripigmentum reduces As(V) (147) , D. nigrificans removes zinc by pre-cipitation of ZnS (148), and Desulfotomaculum sp. DF-1 forms NiS to remove Ni (149) . Microbial community analyses of sediments actively reducing U(VI) identified closely related Desulfosporosinus species, suggesting a possible role of Desulfosporosinus in U(VI) reduction (125, 150, 151) . However, as was the case for Clostridium and most studies with Desulfotomaculum, this study focused on vegetative cell-mediated and not spore-mediated bioremediation.
More recent studies verifying formation of U(IV) in the solid phase showed that the spores of D. reducens MI-1 can also reduce U(VI) (146, 152) . Interestingly, the spores of D. reducens MI-1, similar to C. acetobutylicum, could only reduce U(VI) in the presence of H 2 and spent growth media. The study showed it was not the fermentation products of pyruvate in the spent medium; instead, it may be some form of stimulatory factor: something smaller than 3 kDa and produced by vegetative cells of D. reducens MI-1. Possible candidates for the small compound could be anthraquinone-2,6-disulfonic acid and riboflavin, which have been shown to function as electron shuttles for metal reduction (153) (154) (155) (156) (157) (158) (159) . However, neither were effective in assisting U(VI) reduction mediated by spores of D. reducens MI-1. Nonetheless, the requirement of a stimulatory factor in U(VI) reduction by C. acetobutylicum and D. reducens spores is a significant difference to the Mn(II) oxidation mechanism by Bacillus sp. SG-1 spores. Also similar to the C. acetobutylicum U reduction story is the mystery as to which D. reducens spore enzymes are reducing U. The genome of D. reducens MI-1 has been sequenced recently (160) enabling in silico analyses on putative genes that may be involved in U(VI) reduction. A transcriptomic study was also performed to identify changes in gene expression upon exposure to U(VI) (161) . It identified several upregulated genes involved in energy metabolism, metal detoxification, and iron metabolism, some of which might be used in U(VI) reduction. Since no genetic system has been described to perform mutagenesis studies on D. reducens MI-1 and no enzymes have been implicated in function, there is only speculation on which enzymes are responsible for U(VI) reduction. Based on what was observed with the addition of H 2 , it was suggested that a hydrogenase functions in the absence of a reductase to transfer electrons to a stimulatory factor which then shuttles the electrons directly to U. Future work on identifying the enzymes and associated factors should elucidate the mechanism of U reduction by these spores.
FUTURE WORK Spores in Biogeochemistry
Spores have long been known to be relatively abundant in the environment (162, 163) . For example, in San Diego, CA coastal sediments they have been found to represent 0.085% to 0.29% of the total viable bacteria (71) . Of these, 17% to 30% of the viable spore-forming bacteria oxidized Mn(II). Recent studies using dipicolinic acid as a marker specific for endospores showed that spores can be present in significant numbers, and, in certain environments, spores can be as equally abundant as vegetative cells (164, 165) . Given the recent recognition that spores can carry out chemical reactions that affect a variety of elements and chemicals, the role of bacterial spores in biogeochemistry and contaminant remediation needs to be reevaluated. The challenge will be to quantitatively assess the impact spores have.
The current approach of extracting nucleic acids from the environment to investigate which microbes and genes are important is insufficient in addressing the spore influence. Progress in sequencing technologies has enabled environmental genomic and transcriptomic studies to help researchers understand which microbes are responsible for certain functions (166) . DNA-based techniques provide information on which microbes or genes are present in the system, while mRNA-based techniques suggest which genes are actively being expressed. Also, some studies have made a correlation between gene expression levels to specific activities (e.g., references 136, 167, and 168). When it is the function of vegetative cells that is under investigation, transcript levels can be sufficient in elucidating which enzymes are active in the environment. When spores are taken into consideration, however, determining which enzymes are active by looking at transcripts can provide limited information because dormant cells do not transcribe DNA. Therefore, transcription levels will fail to take into account input from spores and overestimate the role of enzymes of vegetative cells regarding specific activity. To fully capture which enzymes are active and attribute them to the environment's dynamics, directly monitoring proteins would provide a more accurate representation. Although obtaining sufficient amount of protein to perform proteomic studies is challenging, it has been applied to study various aspects of biogeochemical cycling or bioremediation, such as Mn(II) oxidation (169) and reduction (170) . But as techniques for quantifying and identifying proteins in environmental samples, proteomic approaches may be useful to analyze whether spore proteins are at all environmentally significant.
We are left with lingering questions that, if answered, may propel remediation efforts with spores and their vegetative cell counterparts. First, why would spores participate in functions such as MnO 2 or U(IV) formation? Are there any benefits for the spores to carry out such processes? At least vegetative cells have been shown to utilize U(VI) as an electron acceptor (121) , while the advantages of bacterial Mn(II) oxidation are yet to be elucidated (171) . Also, is there a dual ability (in both vegetative and spore life stage) of strains to reduce U(VI), and is it widespread among spore-forming U(VI)-reducing bacteria? Because both vegetative cells and spores of C. acetobutylicum DSM 792 are capable of reducing U(VI) (138) , it would be interesting to see if both the vegetative cells and spores share the same mechanism.
Spores in Remediation
Like remediation with vegetative cells, spore genetic engineering would allow remediation projects to reach a higher level of efficiency while maintaining the ecofriendly appeal. While the deployment of genetically modified dormant bacteria is not ethical because of the possible horizontal transmission of derived sequences, ex situ remediation would benefit from a more reactive agent like genetically engineered spores. On the other hand, it may be possible to use spores that are modified so they don't germinate (e.g., by killing them before introducing them). For example, Bacillus sp. SG-1 spores fixed with glutaraldehyde are still capable of oxidizing Mn(II) (68) . Such treatments may render the spores environmentally friendly, even if genetically modified.
An emerging strategy is the engineering of a microbe that remediates in both the vegetative and dormant forms. One may either insert the gene for expression of a membrane-bound enzyme to perform remediation during the active stage or utilize spore display to tether a remediation enzyme to the spore surface of a microbe that has remediation activity during its active phase. An example of the spore surface-tethering mechanism is one devised by the Jae-Gu Pan laboratory (172) where they fused the Bacillus thuringiensis exosporium protein InhA to green fluorescent protein so that it was displayed during sporulation. This technique may work in order to optimize the activity of interest, for example, Mn(II) oxidation, on the spore surface. Another strategy could be to increase the capacity of Bacillus SG-1 to oxidize Mn(II) by fusing the mnx genes to inhA, creating extra enzyme on the spore surface and increasing activity without using additional spores.
Bioremediation is particularly attractive with robust spores but obviously suffers from the real possibility of spore germination in the soil environment and loss of the desired activity. Perhaps the engineering of a germination receptor loss-of-function mutant or knocking out other genes involved in activation may result in a permanent spore form. If spores could be engineered to never germinate, one might easily imagine that a remediation scheme utilizing a filter with immobilized spores to act as reactive mineral media would treat water in an eco-friendly and efficient manner.
SUMMARY
Bacteria play a key role in geochemical cycling of several metals. Essential metals are transformed through normal metabolic processes and utilized for enzyme catalysis and electron transfer. But too much of a good thing can be harmful in the case of these metals. Bacteria must also regulate metal uptake and speciation within the cell to minimize improper placement in enzymes and devastating reactive oxygen species-mediated damage.
Metal homeostasis mechanisms are capable of effectively pulling out metals from the surrounding environment, so they have been an attractive method for developing remediation strategies for heavy-metalcontaminated environments. Great interest in vegetative cell bioremediation has led to pilot scale studies using genetically engineered microbes and isolates from contaminated environments to some promising results.
Even though the dormant spore form does not have all of the homeostasis mechanisms of vegetative cells, they have been found to carry out activities with remediation potential and may be a more cost-effective technique. Mn oxides are highly reactive and sorptive so they are an attractive tool for remediation of heavy metals. Marine Bacillus spores of many different lineages are able to mineralize soluble Mn(II) and Mn(III) to Mn(IV) oxides through the use of an exosporium multicopper oxidase complex involving MnxE, MnxF, and MnxG (18) . This process is not only interesting in relation to the global cycling of Mn, but also because of its unique mechanism of a two-step electron oxidation and as a potential bioremediation agent. Another harmful metal, U, may be able to be removed by D. reducens MI-1 and C. acetobutylicum DSM 792 spores. Although the mechanism of this reaction is not yet understood, these spores are likely candidates for in situ U remediation technologies. There are probably many more spore-driven metal removal processes than those extant in the literature. Further investigation of environmental spore-forming isolates should yield additional spore-mediated metal transformation methods useful for bioremediation.
Utilizing spores in bioremediation overcomes many of the shortcomings of vegetative cell schemes. Spores offer an immobile, robust platform for enzymatic metal transformations without the worry of bacterial population and activity controls like the addition of nutrients and monitoring of a constant, nontoxic environment. If spore remediation is to be implemented, more research is needed on the mechanisms of metal removal to ensure harmful side reactions do not mobilize other harmful metals in the process.
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